The results of a bilateral comparison of 10 V Josephson array voltage standards of the Ulusal Metroloji Enstitüsü (TÜBİTAK-UME, Turkey) and the Bureau National de Métrologie-Laboratoire Central des Industrieś Electriques (BNM-LCIE, France), in the framework of EUROMET Project No. 469, are reported. A set of four Zener-diode-based voltage reference standards (Fluke 732B), delivered by the UME, was used as a transfer standard between the two laboratories. The results show an agreement within 97 nV with an overall uncertainty (1 ) of 98 nV.
Introduction
Josephson array voltage standards (JAVS) are used as a representation of the SI volt [1 and references therein] in many national metrology institutes because of the ability of a Josephson junction to convert with high accuracy a microwave radiation of frequency to a quantized voltage , being an integer, the Plank constant and the electron charge.
Several direct comparisons have already confirmed the excellent agreement between the voltages delivered by various arrays of different design [2, 3] , thus giving experimental evidence for the independence of the phenomenon from the origin of the samples. Nevertheless, JAVS comparisons are still necessary to verify the efficiency of the measurement systems used with Josephson arrays. These comparisons also ensure mutual acceptance of calibration results at the international level [3] .
To confirm the consistency of the measurements performed by the UME JAVS with the BNM-LCIE standard, a bilateral indirect comparison was carried out using Zener-diode-based travelling standards (Zeners) during April and May 1998. This paper describes the method and results of this comparison. 
Josephson array voltage standards

UME JAVS
The UME 10 V JAVS has been operational since September 1997 [4] . The standard is based on a 10 V Nb/Al 2 O 3 /Nb Josephson array produced by the Physikalisch-Technische Bundesanstalt (PTB, Germany). The array chip is mounted at one end of a circular oversized waveguide and connected to a Gunn diode via a 30 dB coupler. The Gunn diode, which provides 100 mW at 75 GHz, is fully phase-locked to the fifteenth harmonic of a 5 GHz microwave reference, itself locked to the standard frequency delivered by a 10 MHz rubidium frequency standard. The 10 MHz frequency is subtracted from that of the fifteenth harmonic so that, in the locked state, the derived frequency is 74.99 GHz. The bias control unit, designed by the PTB, provides a stable current to the array in order to force the junctions to the desired operating point. The control unit is connected to the system during the measurements. A Keithley 182 nanovoltmeter is used to measure the voltage difference between the Josephson voltage and the device under test (DUT). A low thermal emf switch connects the array, the voltmeter and the DUT and is used to reverse polarity of the DUT. The drift of the combined offset from thermal emf and reversal switch is stable and less than 2 nV during the measurement period of 10 minutes.
The filters on the output voltage leads have 3.5 of series resistance and a leakage resistance of about 1.5 10 10 . This system is routinely used to measure 10 V Zener reference standards with a combined uncertainty (1 c ) of less than 50 nV.
BNM-LCIE JAVS
For the comparison, the BNM-LCIE set-up included a 10 V Nb/Al 2 O 3 /Nb array from Hypres (serial no. 2629B6). The measurement set-up, described in previous papers [2, 5] , is composed of a home-made bias source and commercial equipment such as a Data Proof scanner and a Keithley 182 nanovoltmeter. Automation of the system allows the bias to be disconnected from the array during the measurements and thus floating operation of the array. Moreover, the use of a computer means that measurements can be performed automatically during several days (typically over a weekend).
The measurement procedure consists of reversing the polarity of the array, the reference to be calibrated and the nanovoltmeter in such a way that offsets and the major part of the thermal emfs are cancelled. Residual thermal emfs are measured separately and their effect corrected for.
Comparison
Each laboratory had to determine the output voltage of a set of 10 V Zeners. Four travelling Zeners (Fluke 732B), provided by the UME, were used.
The Zeners' batteries were replaced before the beginning of the comparison, thus none of the batteries failed during the measurements.
Measurements were carried out during a three-week period in April and May 1998. In the first week the UME characterized the Zeners, which were then handcarried to the BNM-LCIE for one week, then taken back to the UME for another week of measurements. Hand-carrying the standards minimized the risk of them being affected by mechanical shocks or wide variations in temperature.
Both laboratories recorded the ambient temperature, pressure and ohmic value of the temperature sensor of each element.
During the measurements at the UME, the Zeners were powered by their internal batteries. The "low" and "guard" terminals were connected to ground.
Measurements at the BNM-LCIE began one day after the arrival of the standards, in order to fully charge the batteries and stabilize the internal temperature. Several connection configurations were tested. Some measurements were made with the travelling standards powered by their internal batteries. Then the "low" terminal was connected to the "guard" and to ground during the measurements. When the Zeners were powered by mains electricity, no significant difference was observed between the configurations.
Measurement uncertainties
The main sources of Type B uncertainty, estimated for both measurement systems and evaluated in Table 1 , are frequency accuracy, leakage resistance, detector and thermal emf. For both laboratories, the Type A uncertainty was calculated by taking into account the experimental standard deviation of the observations. The experimental standard deviation of the mean could not be used because of the flicker-noise-dominated behaviour of the Zeners.
Results
Figures 1a to 1d give the data for each Zener reference standard. Ambient temperature and pressure variations during the measurements were about 20.1 C and 998 hPa at the BNM-LCIE and (23 ± 1) C and (988 ± 1) hPa at the UME.
As the temperature and pressure coefficients are not known, the following results have been deduced from uncorrected data.
The results of the comparison were derived using a linear least-squares fit, calculated for the measurements performed at the UME for each of the Zeners. The voltage difference associated with each Zener is the mean value of the differences of each measurement point of the BNM-LCIE and the corresponding UME value deduced from the regression line. The total Type A uncertainty associated with each Zener is assumed to be the quadratic sum of the Type A uncertainties of the UME results and of the BNM-LCIE results, referred to the corresponding linear interpolations of the UME measurements. Table 2 gives the comparison results and the 1 Type A uncertainties for each Zener reference standard. This shows the difference, UME -BNM-LCIE , between the values that would be attributed to the voltage of 10 V reference standards using the Josephson array voltage standards of the UME and the BNM-LCIE. [6] [7] [8] .
Thus, the overall result of the comparison was calculated from the weighted mean of four individual results. Equation (1) is used to calculate the Type A uncertainty by weighting all the data by the reciprocal of the variance of the measurements: (1) As the Type B uncertainty is negligible compared with the Type A uncertainty, the overall result is UME -BNM-LCIE +97 nV, c 98 nV, where c is the combined standard uncertainty, including the Type A and Type B components from the Josephson systems used in the two laboratories.
Conclusion
This indirect comparison demonstrates good agreement between the 10 V Josephson array voltage standards of the UME and the BNM-LCIE at the level of precision that can be achieved using Zener-diode-based standards. The main contributions to the combined standard uncertainty of 98 nV were noise, instability and ambient conditions (pressure and temperature) of the Zener-diode-based voltage references.
